Background and Purpose-To examine the relationship between retinal microvascular measures and incident stroke in an Asian Malay population. Methods-We conducted a prospective, population-based cohort study of Asian Malay persons 40 to 80 years at baseline.
T here is increasing evidence that the clinical and pathogenetic pattern, and risk factor profile, of stroke varies among different ethnic groups. 1 Asians, for example, have a high prevalence of intracranial large artery disease and cerebral small vessel disease and a stronger relationship between blood pressure and stroke risk. 2, 3 Investigating any race-ethnic disparity may improve understanding of stroke pathogenesis, and thus, the design of specific stroke prevention programs in different populations.
The retinal blood vessels, measuring 100 to 300 µm in size, offer a unique and easily accessible window to study correlates and consequences of cerebral microvascular disease, because the retina and brain share similar anatomic features and physiological properties. 4 In the last decade, there have been several population-based and clinical studies in white populations which have consistently shown that retinal microvascular signs (eg, retinopathy and retinal venular widening), assessed from retinal photographs, are predictors of clinical stroke events, [5] [6] [7] [8] [9] stroke death [10] [11] [12] [13] and are associated with subclinical measures of cerebral disease. [14] [15] [16] [17] However, there exist 2 major gaps in the current literature. First, there have been no prior studies examining these relationships in Asian populations. Second, although most studies have examined the role of the caliber (diameter) of the retinal vessels in stroke, a range of newer retinal microvascular features, such as retinal fractal dimension and tortuosity, which reflect the branching network and complexity of retinal vasculature, have recently been linked to stroke. [18] [19] [20] However, few studies have prospectively examined the relationship of these new retinal associations with stroke, and importantly, whether there is incremental benefit of a retinal photographic assessment, in terms of discrimination, calibration, and reclassification in stroke risk beyond established risk factors, is unknown. 21 In this study, we examined prospectively the association of a comprehensive range of retinal microvascular abnormalities, including new microvascular parameters, and risk of stroke in an Asian population. We also assessed the incremental usefulness of adding retinal photographic measures to established risk factors for stroke prediction.
Methods

Study Population
Data for this analysis were derived from the Singapore Malay Eye study (SiMES), a population-based study of eye diseases in urban Malay adults ranging in age between 40 and 80 years residing in Southwestern Singapore. In brief, subjects were selected using an age-stratified (by 10-year age group) random sampling method, from a computer-generated list provided by the Singapore Ministry of Home Affairs. Of 4168 eligible participants, 3280 (78.7%) participated in the study, performed from August 2004 through June 2006. The methodology and objectives of the study population are reported in detail elsewhere. 22 Written informed consent was obtained from each participant; the study performed adhered to the Declaration of Helsinki. Ethical approval was obtained from the Singapore Eye Research Institute Institutional Review Board. Participants underwent a standardized interview, systemic and ocular examination, and laboratory investigations at baseline.
Retinal Microvascular Assessment
Retinal Photography
Digital fundus photography was taken using a 45º digital retinal camera (Canon CR-DGi with a 10D SLR digital camera back, Canon, Japan) after pupil dilation using tropicamide 1% and phenylephrine hydrochloride 2.5%. Two retinal images of each eye were obtained, one centered at the optic disc and the other centered at the fovea. The spatial resolution of each image was 3072 by 2048 pixels and the images were stored without compression before analysis.
Quantitative Measurements of Retinal Microvasculature
We used a semiautomated computer-assisted program (Singapore I Vessel Assessment [SIVA], version 1.0) to measure the retinal microvascular parameters quantitatively from digital retinal photographs. Figure 1 shows a screenshot of retinal microvasculature analyses using the SIVA program. Trained graders, masked to participant characteristics, executed the SIVA program to measure the retinal microvasculature. SIVA automatically identifies the optic disc, places a grid with reference to the center of optic disc, identifies vessel type, and calculates the retinal microvascular parameters. Graders are responsible for the visual evaluation of SIVA-automated measurement and manual intervention if necessary, following a standardized grading protocol. All visible vessels coursing through the specified zone were measured. The intra-and intergrader reliability was assessed and reported previously. 23 A series of retinal microvascular parameters were measured and outputted automatically to quantify the retinal vasculature comprehensively using the SIVA program including caliber, tortuosity, bifurcation, and fractal (Appendix in the online-only Data Supplement). The details of the retinal microvascular parameters are reported elsewhere.
23-25
Qualitative Assessment of Retinopathy Lesions
The digital retinal photographs were analyzed for qualitative changes by trained graders based on a standardized protocol and compared with a standard set of images. Retinopathy signs (microaneuryms, hemorrhages, or exudates) were assessed. 23 Retinopathy was defined as being present if the retinopathy score (a scale modified from the Airlie House classification system) was at level ≥15. 
Assessment of Stroke Outcome
Previous stroke events were ascertained through self-reporting. 
Assessment of Established Risk Factors and C-reactive protein
The established risk factors (age, sex, systolic blood pressure, total cholesterol, high-density lipoprotein cholesterol, glycosylated hemoglobin, body mass index, smoking, and use of antihypertensive medication) and C-reactive protein were assessed under standardized conditions. Systolic and diastolic blood pressures were measured using a digital automatic blood pressure monitor (Dinamap model Pro Series DP110X-RW, 100V2, GE Medical Systems Information Technologies Inc, Milwaukee, WI), after the subject was seated for at least 5 minutes. Blood pressure was measured twice, 5 minutes later. A third measurement was made if the systolic blood pressure differed by >10 mm Hg or the diastolic by >5 mm Hg. The mean between the 2 closest readings was then taken as the blood pressure of that individual. Hypertension was defined as systolic blood pressure of ≥140 mm Hg, diastolic blood pressure of ≥90 mm Hg, a self-reported history of physician-diagnosed hypertension or use of antihypertensive medication.
Nonfasting venous blood samples were analyzed at the National University Hospital Reference Laboratory for biochemical testing of serum total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, triglycerides, glycosylated hemoglobin, creatinine, and glucose. Diabetes mellitus was identified if the random plasma glucose was ≥11.1 mmol/L, participants' self-reported use of diabetic medication, or had physician-diagnosed diabetes mellitus. Current smokers were defined as those currently smoking any number of cigarettes (ie, current versus past/never). Alcohol consumption was defined as those currently drinking alcoholic beverages daily or on some days (ie, current versus past/never). Body mass index was calculated as body weight (in kilograms) divided by body height (in meters squared).
Serum high-sensitivity C-reactive protein (hsCRP) was measured in frozen plasma that had been stored at −80°C at the National University Hospital Reference laboratory using an immuno-turbidimetric assay (Intra-assay precision 0.6-1.3%; Interassay precision 2.3-3.1%) implemented on a Roche Integra 400 (Roche Diagnostics, Rotkreuz, Switzerland). The detection limit of this assay is 0.07 mg/L and the coefficient variation is 2.9% at 6.3 mg/L and 3.9% at 108 mg/L mean value.
Statistical Analysis
Independent t test or χ 2 tests were used to examine the differences in baseline characteristics between included and excluded subjects in SiMES. Cox proportional-hazards regression was used to examine the relation of selected individual retinal microvascular parameters measured by SIVA and retinopathy signs to the risk of stroke, adjusting for age-sex and established risk factors (age, sex, systolic blood pressure, total cholesterol, high-density lipoprotein cholesterol, glycosylated hemoglobin, body mass index, smoking, and use of antihypertensive medication) at baseline.
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Next, we examined the incremental usefulness of adding retinal measures for stroke prediction. First, we only added the significant predictors from Cox proportional-hazards regression models. Second, we added all the outputted SIVA retinal vascular parameters and retinopathy signs in this analysis because these will all be included in the retinal assessment when extending the screening of retinal abnormalities in routine clinical practice in the next phase. We used principal component analysis to summarize the SIVA data to minimize loss of information. We retained the first to 12th unrotated components which explained 85% of the total variance in the principle component analysis. We calculated Harrell C-Statistic for the Cox regression models to quantify the predictive discrimination. We performed 5 models to examine the predictive discrimination. Model 1 included the established risk factors, model 2 included established risk factors+hsCRP, model 3 included retinal venular caliber and presence of retinopathy (the significant predictors from Cox proportional-hazards regression analysis) and established risk factors, model 4 included all retinal measures and established risk factors, and model 5 includes all retinal measures, established risk factors and hsCRP. Differences in C-Statistic after the addition of retinal measures and hsCRP to a model with established risk factors were estimated and compared.
We graphically assessed the calibration of risk prediction by comparing the predicted frequency of stroke events with the observed frequency. We calculated Hosmer-Lemeshow χ 2 statistic for the models to test goodness-of-fit. 29 P<0.05 represents a significant difference between the expected and observed event rates, indicating that the model is not well-calibrated.
Finally, we examined the net reclassification improvement in stroke risk prediction when adding retinal measures. We first generated predicted probabilities for the incident stroke outcome using established risk factors only, and classified the subjects into low-(0% to 2%), intermediate (2% to 5%), and high-risk (>5%) categories. 8 We then generated predicted probability for the incident stroke outcome again using both retinal measures and established risk factors. We used the same cut-off points and the subjects were reassigned to low-, intermediate, or high-risk categories.
In supplementary analyses, we used the factors from Framingham Risk score (age, sex, total cholesterol, high-density lipoprotein cholesterol, smoking, diabetes mellitus, systolic blood pressure, and use of antihypertensive medication) to further examine the incremental benefit of retinal measures.
We regarded P values of <0.05 from 2-sided tests to indicate statistical significance. All statistical analyses were performed using STATA version 12.
Results
The baseline characteristics of the SiMES population are shown in the Table in the online-only Data Supplement. We excluded the subjects with prevalent stroke (n=82), none or ungradable retinal images (n=348), and individuals with missing data (n=206). A total of 2644 participants (80.6% of SiMES) were included in the final analysis. Excluded participants were older, and had higher levels of blood pressure, serum creatinine, glucose, and glycosylated hemoglobin, comparing with the included subjects. During the follow-up period (median, 4.41 years; range, 0.15-5.35 years), 51 participants developed stroke in SiMES. Of these incident stroke cases, 82% were ischemic.
Cox Regression
The hazard ratios of selected retinal vascular parameters and retinopathy signs associated with stroke risk are shown in The modified ARIC grid is composed of 4 concentric circles which demarcate an average optic disc, zone B defined as the region from halfdisc diameter to 1-disc diameter from the disc, and zone C defined as the region from half-disc diameter to 2-disc diameter from the disc.
by guest on November 20, 2017 http://stroke.ahajournals.org/ Downloaded from 0.38; 95% CI, 0.15-0.94, comparing second versus first quartiles) was also associated with risk of stroke, but the association was not significant when retinal arteriolar tortuosity was analyzed as continuous variable. Other retinal vascular parameters were not associated with risk of stroke. With the given sample size, we had a statistical power of ≥80% with a P value of 0.05 significance level to detect a HR of ≥1.5 with each SD increase in retinal vascular parameters and presence of retinopathy. Table 2 shows C-Statistic for Cox regression models predicting stroke in the whole sample. The C-Statistic for discrimination of Table 3 shows the reclassification of stroke risk after addition of retinal measures in the prediction models. Among the subjects with incident stroke event, 6 subjects (11.8%) were reclassified to a higher risk category and 3 subjects (5.9%) were reclassified to a lower risk category. Among the subjects without incident stroke event, 285 subjects (11.0%) were reclassified to a lower risk category and 198 subjects (7.6%) were reclassified to a higher risk category. The overall net reclassification improvement was 9.3% (P<0.001), indicating a significantly greater number were being reclassified appropriately than were being reclassified inappropriately.
Discrimination
Reclassification
We repeated the analyses of discrimination and reclassification by using the factors from Framingham Risk score. The addition of retinal measures consistently improved discrimination and risk stratification for stroke in the models with Framingham Risk score.
Discussion
In this study, we demonstrated that retinal microvascular signs (retinopathy signs and larger retinal venular caliber), were associated with an increased risk of stroke in this Asian Malay population, consistent with studies in white populations. 8, 30 Furthermore, we showed that the addition of retinal measures significantly improves discrimination and risk stratification for stroke when compared with the models on established risk factors and hsCRP, although the absolute improvement in prediction was modest.
It has long been known that established or traditional risk factors do not fully predict stroke risk, accounting for only ≈60% of the attributable risk. 31 Thus, there is value in examining additional biomarkers which may further improve stroke prediction. Microvascular processes which cause ischemia are important contributors to the brain diseases. Pathological studies have shown a close correlation between cerebral and retinal vascular findings. 32 With advance in retinal photography, retinal vascular imaging has been proposed to be a noninvasive tool to assess the cerebral microvasculature objectively and reliably for better understanding of the pathophysiological processes involved in cerebral small vessel disease. 4, 33 To our best knowledge, this is the first study to examine the relationship between retinal microvascular abnormalities and the risk of stroke in an Asian population. Our finding adds to existing data, largely in white populations, which convincingly show links between retinal vascular changes (retinopathy signs and retinal venular widening) and clinical [5] [6] [7] [8] [9] 34 and Established risk factors include age, sex, systolic blood pressure, total cholesterol, HDL cholesterol, HbA1c, body mass index, smoking, and use of antihypertensive medication at baseline. HDL indicates high-density lipoprotein; HbA1c, glycosylated hemoglobin; and hsCRP, high-sensitivity C-reactive protein.
*P values are for the comparison with the model with established risk factors. subclinical stroke, [14] [15] [16] [17] providing strong evidence that these 2 specific retinal microvascular changes are associated with stroke and the role of microvascular pathology in stroke development is also important in Malays.
In addition to retinopathy signs and retinal vascular caliber, we have also explored a range of new retinal vascular parameters, quantifying the geometric branching network (fractals, tortuosity, and bifurcation) of retinal vasculature, with risk of stroke in this study. These new retinal parameters may reflect the optimality and efficiency of blood distribution in the microvasculature, 35, 36 and have been recently linked to stroke. [18] [19] [20] However, there are limited prospective data on stroke and the results are inconsistent. Witt 37 has reported that retinal vascular tortuosity and bifurcation are not associated with stroke mortality in a nested case-control study in a white population. In another prospective study, Kawasaki 20 has showed that low spectrum fractal dimension is associated with 2-fold higher risk of incident stroke event or stroke-related mortality in a nested case-control study in a white population. We found that straighter retinal arteriole was marginally associated with risk of stroke; however, the association was not significant when retinal arteriolar tortuosity was analyzed as continuous variable, and we did not find any significant associations between retinal vascular fractal dimension and branching angle with stroke risk in this Asian cohort. The reason for the discrepancies may be related to smaller sample size that limited the power of our study to detect association with smaller effect sizes (HR<1.5). Alternatively, this may be related to ethnic differences (Asian Malays versus white), suggesting that microvascular pathology, as reflected by retinal vascular fractal dimension, may not play an equally important role in different ethnicities.
In terms of clinical prediction, there seems to be incremental value of adding all these new retinal vascular parameters, in addition to retinopathy signs and retinal venular caliber, for stroke prediction. We showed that addition of all retinal measures improves discrimination and reclassification for stroke, when compared with the models using only established risk factors. In addition, we did not observe any improvement for discrimination of stroke prediction when hsCRP was added in the models, consistent with reports that its discriminative value may be limited. [38] [39] [40] Our data suggest that the addition of retinal measures, which provides surrogate information on microvascular processes in cerebral vasculature, can improve risk stratification in identifying patients who are at high risk of stroke more accurately. However, further work is needed to optimize the risk-prediction algorithm, to determine how it may influence in clinical decision making, to identify the most appropriate subgroup of patients, and to estimate the costeffectiveness and acceptability to patients in different settings.
Strengths of this study include a prospective design, a study population drawn from the community, standardized retinal measures from photographs, validated ascertainment of incident stroke cases, and detailed information on a variety of potential confounders. Potential limitations should also be mentioned. First, we do not have data on left ventricular hypertrophy and atrial fibrillation for SiMES which are factors for Framingham stroke risk score. Despite such limitation, the models still had generally good discrimination (via the C-Statistic) and calibration. Second, ischemic stroke are more common in Singapore. 28 In this prospective cohort, 82% incident stroke cases were ischemic stroke. We did not have adequate power to perform stratified analysis by stroke subtypes. Third, only ethnic Malays were examined in this study and the findings may vary in other ethnic groups.
In summary, our population-based study in an Asian Malay cohort confirms previous findings in white populations that specific retinal microvascular signs (retinopathy and retinal venular widening) are associated with stroke risk. We further showed that the addition of retinal assessment significantly improves stroke risk discrimination and stratification beyond established risk factors and hsCRP, although the absolute improvement in risk prediction, and thus, the clinical Number of measured retinal vessels 1.
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